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In a wide range of Cell types, stimulus-response coupling is accompanied by a rise in cytoplasmic pH (pHi). 
It is shown that stimulation of developing Dictyostelium discoideum cells with the chemoattractant cAMP 
also results in a rise in pHi. About 1.5 rain after stimulation, pHi starts increasing from pHi~7.45 to 
pHi ~ 7.60, as is revealed independently b two different pH null-point methods. The rise in pHi is transient, 
also with a persistent s imulus, and effectively inhibited by diethylstilbestrol (DES), strongly suggesting that 
the rise in phi is accomplished by the DES-sensitive plasma membrane proton pump which has been demon- 
strated in D. discoideum. 
cytoplasmic pH; cyclic AMP stimulation; Plasma membrane; H +-ATPase; (Dictyostelium discoideum) 
1. INTRODUCTION 
In Dictyostelium dbscoideum the chemoattrac- 
tant cyclic AMP (cAMP) induces aggregation and 
subsequent differentiation of cells [1]. The various 
receptor-mediated responses induced by cAMP in 
aggregating D. discoideum cells are well docu- 
mented [2,3] and, interestingly, these responses 
show a striking similarity to those evoked by 
chemoattractants and agents that elicit secretion 
responses in leucocytes, mast cells, platelets and 
macrophages [4,5]. Thus, stimulation of D. discoi- 
deum cells by cAMP of human neutrophils by the 
chemotactic N- formylmethionylleucylphenyl- 
alanine (FMLP) in both cases results in extra- 
cellular acidification [6,7]. In the FMLP-stimu- 
lated neutrophils, in addition, a concomitant 
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cytoplasmic alkalinization has been reported [8,9], 
which seems to be important for the locomotor 
function of the cells [10]. This, together with the 
fact that various stimuli have been reported to 
raise cytoplasmic pH (pHi) in a variety of cell types 
(ranging from insulin in frog muscle to growth fac- 
tors in fibroblasts [I1,12]), suggests that the 
cAMP-induced extracellular acidification in D. 
discoideum might also be accompanied by a con- 
comitant rise in pHi. Here, this has been in- 
vestigated. 
2. MATERIALS AND METHODS 
2.1. Cell culture and developmental conditions 
Cells of D. discoideum strain Ax-2 were cultured 
axenically in suspension culture in HL-5 medium 
at 22°C as in [13]. Cells were harvested, plated on 
non-nutrient agar for 4 h at 22°C, and resuspend- 
ed to a density of 10Scells/ml in 3.5 mM 
potassium phosphate buffer. The suspension was 
aerated and 10 min later used for cAMP stimula- 
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tion and subsequent pHi determination (see 
below). 
concluded that both digitonin and monensin pH 
equilibration yields a reliable estimate of pHi. 
2.2. pHi measurement by pH null-point 
determination 
Briefly, with this technique the external pH 
(pHc) value is determined at which digitonin or 
monensin addition to the cell suspension induces 
no apparent shift in pile [14]. This value is taken 
as a measure of pHi (see below). The digitonin 
null-point determinations were performed as 
described before [15]. Monensin null-point deter- 
minations were performed in exactly the same way, 
except hat 30 mM NaCI was added to the suspen- 
sion before adding monensin (0.06%, w/v; see 
below). 
Because monensin is an Na+/H + ionophore, at 
pile < pHi the exchange or protons is inhibited by 
a high extracellular sodium concentration ([Na+]c), 
whereas at pH i>pHi  the exchange of protons is 
enhanced by high [Na+]~ (not shown). The best 
compromise proved to be a [Na+]~ of 30 mM and 
this concentration was constantly used in all 
monensin equilibrations. 
It has been shown that digitonin treatment of D. 
discoideum cells selectively permeabilizes the plas- 
ma membranes of the cells, while leaving the mem- 
branes of endoplasmic reticulurn and mitochon- 
dria essentially intact [16]. We observed that intra- 
cellular ATP levels, measured by HPLC,  are not 
changed after either digitonin or monensin treat- 
ment of the cells (now shown), indicating that 
mitochondrial pH gradients are not disturbed by 
digitonin or monensin. Furthermore, neutral-red- 
stained vacuoles do not change their color after 
either digitonin or monensin addition (not shown), 
indicating that these acidic organelles are not dis- 
rupted. This is also indicated by the fact that after 
digitonin or monensin treatment, no acid phos- 
phatase activity is detectable in the cell suspension 
(not shown). After 10 min monensin treatment 
and subsequent washing, the viability of the cells is 
not altered because the ceils grow and develop like 
untreated control cells (not shown), indicating that 
monensin does not disturb intracellular pH gra- 
dients. Finally, the pH null-point determined from 
monensin equilibration increases after treatment 
of cells with the mitochondrial uncoupler CCCP 
(not shown), indicating that monensin does not 
disturb mitochondrial pH gradients. Thus, it is 
3. RESULTS AND DISCUSSION 
Addition of cAMP to unbuffered suspensions of 
developing D. discoideum ceils results in a tran- 
sient extracellular acidification [6]. Half-maximal 
responses occur between 10 -1° and 10 -9 M cAMP 
and from different experiments it was concluded 
that this acidification is the result of cAMP- 
induced signal processing via cell-surface receptors 
[6]. 
To investigate whether this phenomenon is ac- 
companied by a concomitant rise in pHi in the 
cells, developing D. discoideum ceils were 
stimulated with 1.5 × 10-7 M cAMP and subse- 
quently changes in pHi with respect o time were 
followed by means of two different pH null-point 
methods. Both methods reveal a transient 
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Fig.l. Changes in pHi after stimulation of D. discoide- 
um cells with cAMP. Developing D. discoideum cells 
were either stimulated with 1.5 × 10 7 M cAMP (o) or 
left unstimulated (©). Subsequently, changes in pHi 
were followed by monensin pH null-point determination 
(A) or digitonin pH null-point determination (B). Means 
_+ SE of 4-10 determinations are shown. For experimen- 
tal details see Section 2.6 min after cAMP stimulation 
the pHi of the cells is significantly different from that of 
unstimulated cells (P<0.05 for monensin measure- 
ments, P<0.001 for digitonin measurements). 
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Fig.2. The cAMP-induced rise in pHi as a function of 
cAMP concentration. Ceils were stimulated with varying 
concentrations of cAMP and 3 min later pHi was deter- 
mined by either monensin pH equilibration (A), or 
digitonin pH equilibration (B). For experimental details 
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Fig.3. Transient increase in phi after stimulation with 
the cAMP analog cAMPS. (o) Cells were stimulated 
with 10 -5 M cAMPS and the subsequent changes in pHi 
were followed by either monensin pH equilibration (A) 
or digitonin pH equilibration (B). (©) Unstimulated 
control cells (means _+ SE of 3-10 determinations). 
stimulation pHi starts increasing from its basal 
level of pHi 7.45-7.50 to a value of about pHi 
7.60-7.65, which is reached 3-6 min after stimula- 
tion. Thereafter, phi  decreases until the basal level 
is reached again about 9 min after stimulation 
(fig.l). The timing of this rise in pHi excludes a 
possible involvement in activation of some of the 
rapid responses induced by cAMP, such as the ac- 
cumulation of cAMP and cGMP [2,3]. 
Fig.2. shows the change in phi  3 min after 
stimulation as a function of the concentration of 
cAMP applied. Half-maximal responses are ob- 
tained between 10-10 and 10 -9 M cAMP, the same 
concentration range in which half-maximal 































Fig.4. Inhibition of the cAMP-induced rise in pHi by 
DES. (e) Cells were preincubated for -15  min with 
varying concentrations of DES and subsequently 
stimulated with 1.5 × 10 -7 M cAMP. 6 min later, pH~ 
was determined by either monensin pH equilibration (A) 
or digitonin pH equilibration (B). (©) phi of un- 
stimulated cells either treated with 150/zM DES of left 
untreated (means _+ SE of 4-7 determinations). 
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The cAMP analog (Sp)-cyclic adenosine 
3 ',5 '-phosphorothioate (cAMPS) is chemotactical- 
ly active in D. discoideurn at concentrations 
10-100-fold higher than cAMP, but cAMPS is 
hydrolysed much more slowly [17,18]. Fig.3 shows 
that the increase in phi  after stimulation with 
10-SM cAMPS is also transient (cf. [6]), in- 
dicating tha the transient character of the cAMP- 
induced increase in pHi is not due to hydrolysis of 
the stimulus. 
The induction of differentiation, as judged by 
enzyme markers or gene expression, is not sub- 
jected to adaptation to the cAMP signal [19,20]. 
Because of its transient character, involvement of 
the early cAMP-induced pHi rises in differentia- 
tion induction seems unlikely. 
In fungi (including Physarum polycephalum), 
algae and higher plants, plasma membrane proton 
pumps have been demonstrated, which act in an 
ATP-dependent, electrogenic fashion and which 
are potently inhibited by the synthetic oestrogen 
DES [21-24]. Recently, such a DES-sensitive 
H+-ATPase has been identified in D. discoideum 
plasma membranes [25,26], and a role of this pro- 
ton pump in the resistance of acid loads has been 
suggested [27]. In purified plasma membranes this 
ATPase activity is half-maximally inhibited by 
25-100/~M DES [25,26]. 
To determine whether the cAMP-induced in- 
crease in pHi (fig.l) might be due to activation of 
this plasma membrane H+-ATPase, the effect of 
DES on the phi  response was studied. Fig.4 shows 
that the cAMP-induced cytoplasmic alkalinization 
can be effectively inhibited by DES; half-maximal 
inhibition is obtained at about 100/~M DES. The 
basal phi  level of  unstimulated cells, in contrast, is 
hardly affected by DES (fig.4). Thus, these data 
strongly suggest that the cAMP-induced rise in phi  
in D. discoideum (fig. 1) is accomplished by activa- 
tion of the plasma membrane H+-ATPase in these 
cells. 
In conclusion, the present data show that cAMP 
stimulation of developing D. discoideum ceils 
results in cytoplasmic alkalinization (fig.l), which 
is transient (fig.3), and which is most probably ef- 
fected by activation of the plasma membrane 
H+-ATPase in the cells (fig.4). It will be interesting 
to study the possible involvement of this pHi 
response in the locomotor function of the cells (cf. 
[lOl). 
ACKNOWLEDGEMENTS 
We wish to thank T.M. Konijn and P. Schaap 
for critical reading of the manuscript and J.M. 
Herzberg for preparing the figures. 
REFERENCES 
[1] Loomis, W.F. (1975) Dictyostelium discoideum, A 
Developmental System, Academic Press, New 
York. 
[2] Devreotes, P.N. (1983) Adv. Cyclic Nucleotide 
Res. 15, 55-96. 
[3] Van Haastert, P.J.M. and Konijn, T.M. (1982) 
Mol. Cell. Endocrinol. 26, 1-17. 
[41 Ishizaka, T. (1981) J. Allergy Clin. Immunol. 67, 
90-96. 
[5] Devreotes, P., Futrelle, R., Hazelbauer, G. and 
Zigmond, S. (1981) J. Supramol. Struct., Abstr. 
1CN-UCLA Symposia on Cellular Recognition, 
March 1-8, 1981, Keystone, CO. 
[6] Malchow, D., Nanjundiah, V., Wurster, B., 
Eckstein, F. and Gerisch, G. (1978) Biochim. Bio- 
phys. Acta 538, 473-480. 
[7] Grinstein, S. and Furuya, W. (1986) Am. J. 
Physiol. 251, C55-C65. 
[8] Molski, T.F.P., Naccache, P.H., Volpi, M., 
Wolpert, L.M. and Sha'afi, R.I. (1980) Biochem. 
Biophys. Res. Commun. 94, 508-514. 
[9] Grinstein, S. and Furuya, W. (1984) Biochem. Bio- 
phys. Res. Commun. 122, 755-762. 
[10] Simchowitz, L. and Cragoe, E.J. (1986) J. Biol. 
Chem. 261, 6492-6500. 
[11] Busa, W.B. and Nuccitelli, R. (1984) Am. J. 
Physiol. 246, R409-R438. 
[12] Moolenaar, W.H. (1986) Annu. Rev. Physiol. 48, 
363-376. 
[13] Watts, D.J. and Ashworth, J.M. (1970) Biochem. 
J. 119, 171-174. 
[14] Rink, T.J., Tsien, R.Y. and Pozzan, T. (1982) J. 
Cell Biol. 95, 189-196. 
[15] Aerts, R.J., Durston, A.J. and Moolenaar, W.H. 
(1985) Cell 43, 653-657. 
[16] Favard-S6r6no, C., Ludosky, M. and Ryter, A. 
(1981) J. Cell Sci. 51, 63-84. 
[17] Konijn, T.M. (1972) Adv. Cyclic Nucleotide Res. 1, 
17-31. 
[18] Van Haastert, P.J.M., Dijkgraaf, P.A.M., Konijn, 
T.M., Abbad, E.G., Petridis, G. and Jastorff, B. 
(1983) Eur. J. Biochem. 131, 659-666. 
[19] Oyama, M. and Blumberg, D.D. (1986) Proc. Natl. 
Acad. Sci. USA 83, 4819-4823. 
[20] Schaap, P. and Van Driel, R. (1985) Exp. Cell Res, 
159, 388-398. 
369 
Volume 220, number 2 FEBS LETTERS August 1987 
[21] Serrano, R. (1984) Curr. Top. Cell. Regul. 23, 
87-126. 
[22] Fingerle, J. and Gradmann, D.J. (1982) J. Mem- 
brane Biol. 68, 67-77. 
[23] Bowman, B.J., Mainzer, S.E., Allen, K.E. and 
Slayman, C.W. (1978) Biochim. Biophys. Acta 
512, 13-28. 
[24] Spanswick, R.M. (1981) Annu. Rev. Plant Physiol. 
32, 267-289. 
[25] Pogge-von Strandmann, R., Kay, R.R. and 
Dufour, J.P. (1984) FEBS Lett. 175, 422-428. 
[26] Serrano, R., Cano, A. and Pestafia, A. (1985) Bio- 
chim. Biophys. Acta 812, 553-560. 
[27] Kay, R.R., Gadian, D.G. and Williams, S.R. 
(1986) J. Cell Sci. 83, 165-179. 
370 
